Objective: Isolated hypogonadotropic hypogonadism (IHH) is frequently observed in severely obese men, probably as a result of increased estradiol (E 2 ) production and E 2 -mediated negative feedback on pituitary LH secretion. Aromatase inhibitors can reverse this process. This study evaluates whether letrozole once a week can normalize serum testosterone in severely obese men and maintain its long term effect. Design: Open, uncontrolled 6-month pilot study in 12 severely obese men (body mass indexO 35.0 kg/m 2 ) with obesity-related IHH and free testosterone levels !225 pmol/l, treated with 2.5 mg letrozole once a week for 6 months. Results: Six weeks of treatment reduced total E 2 from 123G11 to 58G7 pmol/l (P!0.001, meanG S.E.M.), and increased serum LH from 4.4G0.6 to 11.1G1.5 U/l (P!0.001). Total testosterone rose from 5.9G0.5 to 19.6G1.4 nmol/l (P!0.001), and free testosterone from 163G13 to 604G 50 pmol/l (P!0.001). Total testosterone rose to within the normal range in all subjects, whereas free testosterone rose to supraphysiological levels in 7 out of 12 men. The testosterone and E 2 levels were stable throughout the week and during the 6-month treatment period. Conclusion: Letrozole 2.5 mg once a week produced a sustained normalization of serum total testosterone in obese men with IHH. However, free testosterone frequently rose to supraphysiological levels. Therefore, a starting dose !2.5 mg once a week is recommended.
Introduction
Morbid obesity can be associated with biochemical evidence of isolated hypogonadotropic hypogonadism (IHH) (1, 2) . Its occurrence is proportional to the degree of overweight (3, 4) . In a recent study, IHH was observed in 36% of 160 men who were referred for medical or surgical obesity treatment. The prevalence rose linearly, from 7.4% in body mass index (BMI) category 30-35 kg/m 2 to 59.2% in BMI category O50 kg/m 2 (4) .
Obesity-related IHH has been attributed to luteinizing hormone (LH) suppressive effects of estrogen excess, leptininduced inhibition of LH secretion, and hypothalamicpituitary dysfunction caused by obstructive sleep apnea (3) (4) (5) (6) . The present study is focused on the consequences of estrogen excess because the enhanced, aromatasedependent conversion of testosterone to estradiol (E 2 ) in the adipocyte may be a key abnormality in obesity-related IHH (7) . It has been established that the elevated serum E 2 levels inhibit pituitary LH secretion and thereby reduce serum testosterone in adult men (8) (9) (10) . Two pilot studies have shown that aromatase inhibitors can reverse this chain of events (11, 12) . Both of these studies reported a marked reduction in serum estrogens, and a large increase in LH and testosterone. However, the optimal dose to normalize the estrogen-androgen balance remains to be established.
At present it is not known whether normalization of serum testosterone is beneficial in obesity-related IHH. Extrapolation of the effects of testosterone replacement in non-obese or overweight hypogonadal men is hazardous because the results may prove to be markedly different in severe obesity (13, 14) . Due to the high conversion of testosterone to E 2 , testosterone replacement is likely to raise serum E 2 levels considerably and this may produce clinically relevant adverse effects. Therefore, it may be useful to explore the pros and cons of alternative modes of treatment, such as the use of aromatase inhibitors. In theory, the main risks of this treatment are excessive reduction of estrogen levels, which could adversely affect bone metabolism, and overstimulation of LH secretion, which could lead to supraphysiological testosterone levels. However, aromatase inhibition may also have new advantageous effects because of its stimulatory effects on follicle-stimulating hormone (FSH) secretion. This could be of benefit in the case of reduced fertility, which is common in severely obese men (15, 16) .
Before considering clinical efficacy studies, the safety limits of aromatase inhibition need to be defined more precisely to prevent adverse effects related to lack of experience with appropriate dose titration. Information is also needed regarding the long-term efficacy of aromatase inhibitors to maintain the gonadal hormone levels within the normal range. So far, only short-term experience is available. The present study was performed to evaluate whether a low dose of letrozole, administered once a week for a period of 6 months, can produce normal and stable serum levels of testosterone and E 2 .
Patients and methods

Subjects
Twelve men with acquired, obesity-related IHH were included in the study. IHH was detected because measurement of serum testosterone is part of the screening procedure in our clinic for obese men who apply for medical or surgical obesity treatment (4) . The diagnosis of IHH was based on the following biochemical criteria: serum-free testosterone !225 pmol/l, associated with an inappropriately low serum LH !9.0 U/l, and without evidence of intercurrent disease or additional pituitary hormone deficiencies, metabolic disorders, or medications known to affect the gonadal axis. Additional pituitary hormone deficiencies were considered to be absent if thyrotrophin, free thyroxine, prolactin, adrenocorticotrophin, cortisol, and insulinlike growth factor-I levels were within the normal range. Pituitary hormone stimulation tests were not performed. All subjects had a normal pubertal development and intact sense of smell. Testicular size was within the normal range. Hemochromatosis was excluded by the measurement of serum transferrin saturation and ferritin levels. Hepatic and renal functions were normal. Body weight exceeded the scan's weight limit of 140 kg in 7 subjects, therefore, a pituitary magnetic resonance imaging could be performed in only 5 out of the 12 subjects. Their scans showed normal pituitary and hypothalamic structures. The mean age of the men included in the study was 48.4G3.3 (range 34.5-64.6 years), with a mean BMI of 45.7G3.0 kg/m 2 (range 37.2-67.4 kg/m 2 ). Of the 12 patients, 7 had erectile dysfunction and libido was decreased in 6 subjects. There was no clinical evidence of prostate disease (normal rectal examination and normal prostate-specific antigen (PSA)). Of the five patients with type 2 diabetes, three required insulin therapy. Two men were on CPAP for sleep apnea, two men had a myocardial infarction at least 5 years ago, two subjects were successfully treated for hypertension with a combination of b-blockers, diuretics, and angiotensin converting enzyme (ACE) inhibitors, and two subjects used statins. None were using medication known to affect the pituitary-gonadal axis. All subjects were instructed to maintain their usual lifestyle as before, and to postpone any attempt to weight loss until the completion of the present study.
The study was approved by the local ethical committee, and all subjects gave their informed consent.
Protocol
All blood samples were taken in the morning between 0800 and 1000 h. After taking the basal measurements, letrozole was started in a dose of 2.5 mg once a week, taken orally, on Monday before breakfast. Blood sampling was repeated, on Wednesday, after 6 weeks and 6 months of treatment. At 6 weeks, additional morning samples were taken on Friday and Monday to determine whether the serum testosterone levels were stable throughout the week. The Monday blood sample was taken before ingestion of the next dose of letrozole.
Assays, calculations, and statistics
Measurement of serum LH, FSH, total testosterone, and total E 2 was performed by electrochemiluminescene immunoassay (Roche Diagnostics). The reference ranges were: total testosterone, 11-28 nmol/l; E 2 , !160 pmol/l (detection limit 40 pmol/l); LH, 2.0-9.0 U/l; and FSH, 1.5-12.4 U/l. Sex hormone binding globulin (SHBG) was measured by chemiluminescent enzyme immunoassay (DPC, Los Angeles, CA, USA, reference range 13-71 nmol/l). Calculation of free testosterone was based on the approach described by Vermeulen et al. (17) . Free E 2 was calculated with the method of Sodergard et al. (18) . The normal ranges were: free testosterone 225-625 pmol/l and free E 2 1.1-4.7 pmol/l respectively. The validity of the reference ranges was confirmed by in-house measurement of samples obtained from 207 healthy men, ranging in age from 20 to 60 years. Safety data included measurement of HbA1c, PSA, the bone formation marker carboxyterminal propeptide of type I procollagen (PINP, Orion Diagnostics, Espoo, Finland, reference range 20-76 m/l), and the bone resorption marker carboxy-terminal crosslinked telopeptide of type I collagen (ICTP, Orion Diagnostics, reference range 1.8-5.0 mg/l).
Results are expressed as mean values and S.E.M. The samples with total E 2 levels below the detection limit (40 pmol/l) were given a value of 20 pmol/l for statistical purposes. Calculations were performed with the statistical package Graphpad Instat (GraphPad Software, San Diego, CA, USA). Data with a normal distribution were evaluated by ANOVA and paired t-test, and data not following a normal distribution were tested by Wilcoxon matchedpairs signed-ranks test. P!0.05 was considered to be statistically significant.
Results
Changes in the serum hormone levels after 6 weeks and 6 months of treatment are summarized in Table 1 . Individual responses after 6 weeks of treatment are shown in Fig. 1 . The basal LH levels were detectable, but were inappropriately low for the degree of reduction in serum testosterone. Pretreatment total testosterone ranged from 2.1 to 8.9 nmol/l (normal range 11-28 nmol/l), SHBG from 7 to 27 nmol/l (normal range 13-71 nmol/l), and calculated free testosterone from 51 to 216 pmol/l (normal range 225-625 pmol/l). Of the 12 men, 8 had free testosterone !180 pmol/l. Despite the marked reduction in serum testosterone, most total and free E 2 levels were in the upper half of the reference range. The levels of total and free E 2 exceeding the upper normal limit were observed in 1 and 2 subjects respectively. The ratio of free E 2 /free testosterone was markedly increased in all subjects (mean value 29.2G8.2, normal range 4.8-13.4).
The serum albumin or SHBG levels were not affected by the 6 weeks treatment. Total E 2 decreased from 123G11 to 57G8 pmol/l. In three subjects total E 2 fell below the assay detection limit of 40 pmol/l. Free E 2 levels decreased from 3.8G0.3 to 1.8G0.2 pmol/l (P!0.001). Mean LH concentration increased from 4.4G0.6 to 11.1G1.5 U/l (P!0.001). FSH rose from 4.8G0.5 to 12.1G1.5 U/l (P!0.001). LH and FSH levels exceeded the upper normal limit in six and three men respectively. Mean total testosterone rose from 5.9G0.5 to 19.6G1.4 nmol/l (P!0.001) and free testosterone from 163G13 to 604G50 pmol/l (P!0.001). In all the subjects, total testosterone rose to within the normal range. In six subjects, the free testosterone levels exceeded the upper normal limit and in four of them this was associated with LH levels above the normal limit. Blood samples taken on the Wednesday, Friday, and Monday showed relatively stable mean LH, FSH, testosterone, E 2 , SHBG, and albumin levels throughout the week ( Fig. 2A-E , albumin not shown).
The small increase in total E 2 and the small decrease in LH that occurred over the week were statistically not significant. Individual measurements of testosterone levels throughout the week are shown in Fig. 2F . Hormone levels achieved at 6 weeks remained stable during the 6-month observation period ( Table 1) . The safety parameters HbA1c, PSA, and PINP did not change. ICTP increased from 5.0G0.7 to 7.6G1.2 mg/l (P!0.05).
Discussion
The results of this study confirm that the aromatase inhibitor letrozole is a potent agent to stimulate LH secretion in men with obesity-related IHH. A dose of 2.5 mg once a week normalized serum total testosterone in all subjects, within 6 weeks. Although body weight was not measured during this period, a major effect on hormone levels caused by changes in body weight is very unlikely. Hormonal changes of this magnitude would have required massive weight loss within this brief period. This did not occur as none of the subjects received any anti-obesity treatment during the course of the study. A bias caused by regression to the mean cannot be excluded completely because of the uncontrolled nature of this study. However, in view of the magnitude of the effects and the consistency of the changes in each individual this is not likely to have contributed significantly.
This study has also shown that the achieved testosterone levels were stable throughout the week, and that they remained at the same level during a 6-month observation period. Total E 2 decreased significantly and fell below the assay detection limit in 3 out of 12 subjects. The data suggest that letrozole in a dose of 2.5 mg once a week is an acceptable starting dose for most obese men. However, some subjects may require a lower dose to prevent excessive suppression of serum E 2 .
At present, we do not know what the best biochemical marker is to monitor aromatase inhibition in obese men. Exclusively relying on total testosterone is unlikely to be sufficient. It is generally recommended to measure or calculate bioavailable or free testosterone in case of gross abnormalities in sex hormone-binding capacity, and this definitely applies to severely obese men where the SHBG levels are substantially reduced (19) . To avoid overestimation of the degree of biochemical hypogonadism in the untreated state, it is recommended to rely on free testosterone instead of total testosterone. In a recent study, this procedure reduced the prevalence of obesity-related IHH from 57.7 to 35.6% (4) .
Gross abnormalities in the SHBG levels also affect the evaluation of treatment effects. If assessment is exclusively based on the total testosterone levels alone, the effects of treatment will be underestimated. Even in this small study the SHBG pitfall was apparent. Total testosterone rose from a value below the lower normal limit to a level within the normal range in all men, suggesting that the 2.5 mg weekly dose was appropriate. However, free testosterone changed from subnormal to supraphysiological levels in 6 out of 12 subjects, suggesting that dose reduction would be required in case of long-term treatment. The discrepancy is caused by the low and unchanging SHBG levels. In such cases, total testosterone levels in the high normal range will represent androgen excess. Therefore, the most rational and safe monitoring procedure during letrozole treatment in obese men is to aim at normalization of the free testosterone levels instead of total testosterone.
The question of what exactly represents a safe upper normal limit of free testosterone is difficult to answer, and bears the same uncertainties as the definition of the lower normal limit. Vermeulen et al. presented several arguments to base the lower normal limit on measurements performed in healthy adult men in the prime of their life (20-40 years) (20) . A recently published guideline supports this approach (21) . It is attractive to follow the same line of thought when attempting to define the upper normal limit for serum testosterone. This approach appears to be the most recommendable, at least until better guidelines are available. Clinical signs and symptoms are not likely to be sufficiently sensitive to serve this purpose.
In addition to guarding the upper normal limit of serum-free testosterone, it will be of equal importance to monitor the serum E 2 levels during treatment with letrozole. As observed in this study, even a low dose of letrozole reduced serum total E 2 to a value below the detection limit in 3 out of 12 men after 6 weeks of treatment. Free testosterone and LH levels were supraphysiological in two of these men. At 6 months, total E 2 was undetectable in only one subject who had a normal free testosterone and LH level. Although the current data are too limited for firm conclusions, they do suggest that monitoring of aromatase inhibition in men by free testosterone and LH alone may not be sufficient. Excessive estrogen suppression might be missed. It is important to avoid excessive estrogen suppression. Several case reports on congenital aromatase deficiency in men have clearly demonstrated that bone metabolism is abnormal in estrogen-deficient men (22) (23) (24) . In adult men, the main risk is development of osteoporosis. Other adverse effects related to prolonged and severe estrogen deficiency in men are not known. At present, we do not know exactly above which level the serum E 2 should be maintained to avoid adverse effects. Observations in elderly men suggest that the levels of bioavailable E 2 should be maintained above 40 pmol/l (25) . To further explore this area, more sensitive E 2 assays, than were used in this study should be employed.
Current experience with aromatase inhibition in males is limited. The available data suggest that harmful effects are dose dependent and that major adverse effects are unlikely if the dose is carefully adjusted based on measurement of the serum testosterone and E 2 levels (26) (27) (28) (29) (30) (31) (32) (33) (34) . Letrozole 2.5 mg/day has been used successfully to increase predicted adult height in testosteronetreated boys with constitutional delay of puberty. The effect was attributed to delayed bone maturation by inhibition of estrogen synthesis and action (26) . Although letrozole tended to decrease the activation of bone metabolism as indicated by the serum PINP and ICTP levels, 1-year treatment did not adversely affect bone mass accretion (27) . Letrozole reduced the fasting insulin levels and decreased high density lipoprotein (HDL) cholesterol. It remained unclear whether the reduction in HDL was related to the excessive rise in serum testosterone or to the reduction in E 2 that occurred in the letrozole-treated group (28) . In adult men, most experience has been gained with anastrozole. A 10-week study with anastrozole 7 mg weekly in four late-pubertal boys and four young adults did not reveal effects on serum bone markers, bone density, body composition measured by bioelectrical impedance, skinfold measurements, or on muscle strength (29) . A dose of 2-7 mg anastrozole weekly for 3 months in 23 partially androgen-deficient elderly men, age range 62-74 years, did not affect biochemical markers of bone turnover nor total body bone mineral density (30, 31) . By contrast, a 9-week study in 15 eugonadal elderly men using anastrozole 14 mg weekly caused an increase in bone resorption markers and a decrease in bone formation markers (32) . This dose should be considered as potentially harmful, unless firmer end points demonstrate differently. Letrozole 2.5 mg per day has been used in a 28-day study in young and elderly man to examine the E 2 negative feedback on gonadotropin secretion, but this study did not evaluate metabolic effects (35) . In this study, we monitored the effects on HbA1c, PINP, ICTP, and PSA for 6 months. The bone resorption marker ICTP increased slightly, the other variables did not change significantly. Although the clinical significance of this observation remains to be demonstrated, it suggests that some serum markers reflecting tissue activity may provide useful information to guide treatment.
To assess the minimal effective dose of letrozole in men, it is useful to recapitulate the results of an open dosefinding study in healthy non-obese male volunteers (age range 20-48 years) that explored the effects of single doses of letrozole ranging from 0.02 to 30 mg (36) . Suppression of estrogen levels and increases in serum LH and testosterone were observed after a single dose of letrozole as low as 0.02 mg, with effects lasting for about 48 h. The effects of a single dose of 0.5 mg lasted for at least 3 days. We recommend that this 0.5 mg dose should be included in future dose-finding studies. We speculate that a twice weekly dose of 0.5 mg may be sufficient to normalize the estrogen-androgen balance in most obese men.
Letrozole treatment was also associated with a substantial increase in FSH levels. A similar response has been observed in non-obese healthy men (10, 35) . The effect is attributed to a reduction of E 2 's negative feedback on hypothalamic gonadotrophin-releasing hormone secretion. As recent reports indicate that fertility is reduced in overweight and obese men, the FSH response to aromatase inhibition may serve to improve fertility (15, 37) . The aromatase inhibitors have been successfully used in (eugonadal) subfertile, oligospermic men and were shown to improve sperm quantity and quality (16) . To date, the effect on semen production in subfertile obese men is not known.
In conclusion, letrozole once a week can normalize serum testosterone in men with obesity-related IHH. The observed increase in serum testosterone is of sufficient magnitude to be of clinical interest, and the response was sustained with ongoing treatment without a loss of effect. The key question is whether obese men with IHH truly suffer from low androgen levels, whether restoration of the normal estrogen-androgen balance is of any benefit and what would be the most appropriate way of treatment. Although this study indicates that aromatase inhibition is a feasible option to correct the abnormalities in serum gonadal hormone levels in obese men, its clinical relevance and safety remain to be demonstrated.
